A group of late 15theearly 16th century Hispano-Moresque glazed tiles from the Monastery of Santa Clara-a-Velha, in Coimbra, were, for the first time, characterised chemically and morphologically. Since the prevailing idea among art historians in Portugal is to judge the Hispano-Moresque tile heritage as Spanish production, the findings concerning technological processes were compared with the Islamic technology in the Iberian Peninsula and latter Hispano-Moresque in Spain. This study is the first analytical indicator of a production technology with some differences from the Hispano-Moresque workshops (such as Seville, Toledo, etc.) and points out to a possible local production. Five different coloured glazes were identified: white, blue, green, amber and black, all displaying high-lead content, as expected for this type of ceramics. Tin oxide was identified in high contents (7e14 wt.%) in white and blue glazes, its crystals homogenously distributed in also very homogeneous glazes, showing similarities with an Islamic glazing technology. On the other hand, Ca-rich thick glazeeceramic interfaces were observed, with many mineral inclusions (wollastonite (CaSiO 3 ) and also K-feldspars (general formula KAlSi 3 O 8 ), showing a higher resemblance with a later Hispano-Moresque technology. Other compounds were also identified from reactions involving the colour compound: malayaite (CaSnOSiO 4 
Introduction
Hispano-Moresque glazed tiles were profusely used throughout the Portuguese territory in the 15th and 16th centuries. This very specific artistic ceramic object represents the beginning of a decorative art that has been characteristic of Portuguese public art ever since, azulejos. The designation "Hispano-Moresque" arises from a technological proximity to Islamic glazed ceramics and developed through the simplification of the glaze technique of decoration, from the alicatado (small monochromatic tiles cut into geometric forms) to cuerda seca and then to the arista technique. On the other hand, the geometric Islamic decorations evolved to more complex figurative Renaissance motifs (Martínez Caviró, 1996) . Hispano-Moresque production of glazed ceramics used and developed the technology that was brought to the Iberian Peninsula by the Islamic conquerors in the late 8th century (Molera et al., 1997a) .
The supported thesis in Portuguese art history attributes all examples of Hispano-Moresque tiles in Portugal as imports from the Spanish territory, namely Seville, Toledo and Valencia. Nevertheless this attribution has recently been questioned due to several archaeological findings of production evidences and a review of the existing records on ceramic coatings in the Portuguese territory, including Coimbra (Trindade, 2007) . The present paper is included in a wider study aiming to unveil the technology of manufacture of several important medieval collections of Hispano-Moresque tiles in Portugal and ultimately, determining their provenance.
An extraordinary tile collection was excavated at the Monastery of Santa Clara-a-Velha, located in central Portugal (Coimbra), today a beautiful historical ruin of a medieval church and cloister that was submersed for centuries. Located near the shores of the river Mondego, the monastery was often flooded, which ultimately led to the construction of a new Santa Clara Monastery (Monastery of Santa Clara-a-Nova) at a higher adjacent location. Founded in 1283, and (to be) dedicated to the ways of the Order of Saint Clare or Clarisses, the Monastery of Santa Clara-a-Velha was definitely abandoned in 1677 (Côrte-Real et al., 2010) . During the last decades of the 20th century, several archaeological campaigns uncovered a vast collection of Hispano-Moresque architectural tiles dated from the 15th to the first half of the 16th century (Côrte-Real et al., 2010) , with examples of cuerda seca and arista tiles on the floor and walls, flat monochromatic tiles on a fountain located in the cloister, relief tiles with star-shaped motifs on the ceiling of the church, and also blue-and-white rajolas (pre-majolica) on the raiser of the steps in the cloister. Some tiles show anthropomorphic examples, which have not been identified elsewhere in the country.
Although the technological aspects of Hispano-Moresque ceramics have been the subject of a number of important studies (Molera et al., 1997a (Molera et al., , 1997b (Molera et al., , 2001b (Molera et al., , 2009 Pérez-Arantegui et al., 1999 Vendrell-Saz et al., 2006) , there is little information on coeval glazed tiles, while studies focussing on Portuguese collections are inexistent. With this study we wish to understand the technological procedures involved in the manufacture of this collection in correlation with the knowledge on Hispano-Moresque technology in Spain and also the Islamic technology in the Iberian Peninsula. To clarify this subject we try to summarize the main technological features known from studies on glazed ceramics in the Iberian Peninsula. Islamic and later Hispano-Moresque glazed ceramics were characterised by two types of glazes: transparent lead glazes and tin-opacified lead glazes. Studies on several ceramic workshops in the Spanish territory concluded that: (1) in Islamic workshops, a frit was used to produce the transparent glaze and applied on a previously fired ceramic support (double-firing process). Analytical results show very thin glazeeceramic interfaces of pre-13th century glazes, indicating a double-firing process. Tinopacified glazes were also produced in this fashion, both in Islamic and in Hispano-Moresque workshops up to the 13th century (Molera et al., 2001b (Molera et al., , 2009 ); (2) from the 13th century onwards frits were no longer in use and the ceramic objects were single-fired, a simplification preserved by Hispano-Moresque workshops (Vendrell-Saz et al., 2006) . Molera et al. (2001b) suggest that 14th century tin glazes were no longer fritted, according to analytical results showing large and heterogeneously distributed tin oxide crystals. Another important observation that has to be taken into consideration is the distinct glazeeceramic interface of single-and double-fired glazed ceramics, namely their morphology and the nature of the crystals found in this interface (Molera et al., 1997b (Molera et al., , 2001a . A study on glazeeceramic interactions by Molera et al. (2001a) revealed that a digestion process occurs between the lead glaze and the ceramic body during the firing, where compounds from the ceramic body diffuse into the glaze and vice-versa. The digestion/diffusion process occurs on smaller scale in previously fired ceramic bodies, originating thinner interfaces (ca. 5e 10 mm) than for single-fired ceramics (ca. 30e40 mm).
Experimental procedure

Samples
A set of 14 fragments of Hispano-Moresque glazed ceramic tiles provided by the Monastery of Santa Clara-a-Velha in Coimbra were analysed. Fig. 1 shows some samples where all the representative colours (white, blue, green, brown or black and amber) are depicted. The samples analysed comprised a representative set of the most common patterns and decoration techniques excavated in the Monastery of Santa Clara-a-Velha. Briefly, the glaze techniques of decoration found in Santa Clara-a-Velha are as follows: (1) the cuerda seca technique (image on the left), allowed the use of different coloured glazes on the same object, separated by grooves on the surface of the tile that were filled with a mixture of manganese oxide, most likely mixed with a flux, and a greasy substance; (2) the arista or cuenca (image on the middle), where the coloured glazes were separated by protruding contours obtained by pressing the ceramic paste onto a mould; (3) the relief technique (image on the right), where a mould is also used, but the pattern has a 3-dimensional nature. Polished-cross sections of all samples were prepared by cutting a small piece of sample (ca. 0.5 cm) with a diamond saw and mounting it in epoxy resin (Araldite 2020 Ò ).
Finally, samples were polished up to 4000 grit. Although a large part of the collection was submersed for centuries, most tiles have their original glaze in a fairly good conservation state, except for the obvious weathering due to burial conditions that caused a loss of the original surface. It is surprising that glaze detachment is a minor conservation problem in this collection regarding the conditions in which it was preserved for so many centuries. The sample fragments were irradiated in vacuum and the X-rays produced were collected by a 8 mm thick Be windowed Si(Li) detector with a crystal active area of 80 mm 2 and 145 eV resolution.
The system configuration used allows efficient detection of low energy X-rays such as the ones from Na. Operation and basic data manipulation, including elemental distribution mapping, was achieved through the OMDAQ software code, and quantitative analysis done with the DAN32 programme.
SEM-EDS:
The equipment used for Scanning Electron Microscopy with Energy Dispersive Spectrometry (SEM-EDS) was a HITACHI S-3700N electron microscope with a Bruker Xflash 5010 SDD energy dispersive X-ray (EDX) detector. After carbon coating, all samples were observed and analysed under a vacuum atmosphere. The backscattering mode was used for SEM imaging. The resolution of the EDX detector is 123 eV in the Mn Ka line. The system allow reliable chemical point analysis and mapping from Na X-ray emission energy. In order to collect X-ray emissions from heavier elements like Pb, an acceleration voltage of 20 kV was chosen. The EDX tasks and the quantification were achieved through the Esprit1.9 software from Bruker company.
Measurements of the glazeeceramic interface were performed directly on the images during SEM-EDS analysis, using the SEM software. The thickness was considered to be the distance between the glaze and the ceramic body where an area of heterogeneous appearance, with a large number of mineral inclusions and small gas bubbles, is evident.
m-Raman: Analyses were performed with a Labram 300 Jobin
Yvon spectrometer, equipped with a HeeNe laser of 17 mW power operating at 632.8 nm and a solid state laser of 500 mW power operating at 532 nm. The laser beam was focused either with a 50Â or 100Â Olympus objective lenses. The laser energy was filtered at 10% using a neutral density filter for all analyses. Analyses were performed both on the surface of the glazes and on polished crosssections. Spectra were recorded as an extended scan. A mixed GaussianeLorentzian curve-fit using the LabSpec software was used to determine the exact peak wavenumbers. The attribution of the Raman spectra was made using the RRUFF database project on minerals (RRUFF).
Results and discussion
3.1. Chemical analysis of the glazes by m-PIXE and m-Raman Table 1 contains the results of the elemental m-PIXE analyses on the composition of the coloured glazes, expressed as mass fractions of the respective oxides relative to the total composition. As expected for lead glazes, PbO and SiO 2 are the most important compounds in the glaze composition, making up for ca. 73e86 wt.% of the total composition. Blue and white colours include SnO 2 as the third most important compound, with contents of ca. 7e14 wt.% (with one singular result of 19 wt.%). It is followed by CaO (2e 5 wt.%), Al 2 O 3 (2e5 wt.%), K 2 O (2e4 wt.%) and Na 2 O (1e3 wt.%).
Chlorine is also present (<1 wt.%), which could indicate the use of ashes derived from coastal plants as fluxes or even the use of NaCl as a flux (Tite et al., 2006) . Some compounds such as MgO, Al 2 O 3 , CaO, TiO 2 and Fe 2 O 3 are present in all colours, probably related with the raw materials, e.g. sand used as a source of silica (Molera et al., 1997b) but they can also enter the glaze composition during firing through the aforementioned reaction with the ceramic body (Molera et al., 1997a (Molera et al., , 1997b . The content of such compounds in the glaze can therefore be influenced by the production technique (e.g. number of firings, firing temperature).
From the m-PIXE analysis it is possible to differentiate two groups of colours that share a similar chemical composition in what concerns the SnO 2 content, with white and blue in one group and amber (yellowish tone), green and black in the other, as shown in Fig. 2 . Tin oxide (SnO 2 ) in the form of cassiterite crystals, is responsible for the white colour and opacity of the white and blue glazes. Blue and white glazes show SnO 2 values of ca. 7e14 wt.%, being described as opaque colours, and the other three colours present considerably lower results (ca. 0.5 wt.% to 1.8 wt.%), being described as transparent colours. SnO 2 was not detected in two glazes. The presence of SnO 2 in yellow, green and black glazes was somewhat unexpected, since they are mostly transparent. However, small amounts of tin oxide have been identified in such glazes in 10the12th century Islamic cuerda-seca ceramics from Spain and Portugal (Chapoulie et al., 2005) .
Comparing our results with several Islamic and HispanoMoresque workshops in the Iberian Peninsula, tin oxide contents of white and blue glazes fall in the range of Islamic tin-glazed ceramics prior to the 13th century (Molera et al., 2001b; Chapoulie et al., 2005; Vendrell-Saz et al., 2006) . Previous studies have shown that Islamic workshops used higher SnO 2 contents, which decreased in Hispano-Moresque technology (Molera et al., 1997a; Vendrell-Saz et al., 2006) . This resemblance to Islamic technology is also observed in other glaze characteristics that will be further discussed in Chapter 3.3.
Although this work is centred on the analysis of the glazes, SEM-EDS quantitative analysis was performed on the ceramic body of a few samples showing a Ca-rich composition (with average compositions of ca. 40 wt% SiO 2 , 20 wt% CaO and ca. 15 wt% Al 2 O 3 ), indicating a calcareous paste. Other oxides were identified in smaller amounts, such as MgO and Fe 2 O 3 (<7 wt%), as well as Na 2 O and K 2 O (<2 wt%). All samples show a buff-coloured clay body exhibiting either a stronger pink hue or a creamy one, which could be explained by small differences in the firing temperatures or firing atmosphere (Molera et al., 1998) . When analysing the ceramic body by SEM-EDS we also found that, alongside the diffusion of Ca and other elements from the ceramic body to the glaze, the opposite has also occurred for lead. Lead diffusion from the glaze to the ceramic body has already been described by M. Vendrell-Saz et al. as an outcome of a reaction between the glaze and ceramic body during the firing process, and thus it is expected to extend further for single-fired ceramics (Vendrell-Saz et al., 2006) .
Colour composition of glazes
Besides the white glaze, the other colours are obtained with transition metal oxides: cobalt oxide for blue, copper oxide for green, iron oxide for amber and manganese oxide for brown, all the component metallic elements identified by m-PIXE.
The blue pigment displays an element association of CoeFee NieCu, as determined by m-PIXE. This result is in agreement with recent studies showing a CoeCueNi correlation in 14th to 16th century Spanish and Italian glazed ceramics (Roldán et al., 2006; Zucchiatti et al., 2006) . The major source of cobalt in 16th century Europe was the mining district of Erzgebirge (Saxony), in Germany. Typically, a blue cobalt pigment imported from this region, subsequent to 1520 would include arsenic in its composition, while prior to this period the manufacture would lead to the loss of this element (Zucchiatti et al., 2006) . The production of the tiles from Santa Clara-a-Velha fits this time period, and therefore, the region of Erzgebirge could be a possible source of cobalt. But other sources must be considered, as the mines of Teruel, in Spain, a well-documented site of cobalt production, although those were of limited size (Roldán et al., 2006) . Unfortunately there is lack of well-documented sources of cobalt production up to the 16th century (Soulier et al., 2002) .
Green glazes show a content of ca. 2e3 wt.% of CuO and amber glazes display contents of ca. 4e5 wt.% of Fe 2 O 3 . To obtain the amber colour, iron was intentionally added, since the Fe/Pb and Fe/ Si ratios are clearly higher in amber glazes.
Finally, the black glazes show manganese associated with iron and barium, an association that has been already detected in Islamic cuerda-seca ceramics (11th century) (Pérez-Arantegui et al., 1999) and also in 17th century Portuguese majolica tiles (Coentro et al., 2012) . The presence of barium could suggest the use of the mineral psilomelane (BaMn 2þ Mn 4þ 8 O 16 (OH) 4 ) as a source of manganese, and typically the absence of it hinted at the use of pyrolusite (b-MnO 2 ). These two manganese minerals correspond to two important and worldwide distributed manganese sources (Coentro et al., 2012; Pérez-Arantegui et al., 1999) . However, Tite et al. (2009) pointed out that this assumption represents an oversimplification, pointing to the wide range of Mn minerals in nature, together with veins of (Fig. 3a) . As already described by Pradell et al. (2013) , taking into account the phase diagram of the MnOeSiO 2 binary, pyroxenes should start to appear at temperatures of about 950 C. Therefore bustamite recrystallizes from the melt. In addition, this compound was also found on the ceramiceglaze interface, probably arising from a reaction between the minerals from the ceramic paste that migrate to the glaze area. On sample 33Bi3839 two types of manganese oxides were identified, but due to unresolved bands it is impossible to ascertain the type of manganese oxides. (Fig. 3b(i) ). Comparing the spectra obtained for braunite with the reference spectrum from the RRUFF database, our spectra are shifted to a lower wavenumber ca. 6 cm À1 for every
Raman band ( Fig. 3b(ii) ). This could be due to cation substitution in the structure of braunite, where Mn 3þ can be substituted by Fe 3þ , and Mn 2þ by Mg 2þ and Ca 2þ (Bhattacharyya et al., 1984) . Braunite was already identified on 17th c. Portuguese tiles (Coentro et al., 2012) and recently by Pradell et al. (2013) on late Renaissance polychrome majolica (17th c.), and 11th c. Almohade tin-glazed ceramic from Mallorca, and by Molera et al. (2013) on Islamic glazes (10e11th c.) from Murcia, on HispanoMoresque glazes from Valencia (13e14th c.), and on a 17th c. glaze from Catalonia. The latter study explains that the coexistence of braunite and bustamite on the black glazes indicates firing temperatures above 950 C Molera et al. (2013) . Fig. 4 illustrates the coexistence of several Mn-rich crystals, most likely braunite, and a Ca-pyroxene, wollastonite (see Chapter 3.3) in the glazeeceramic interface.
Morphological and mineralogical characterisation of glazes and the glazeeceramic interface
The characteristics of the glaze and the glazeeceramic interface can be a valuable source of information for the differentiation of production technologies (Molera et al., 1997b (Molera et al., , 2001a Vendrell-Saz et al., 2006) . The tiles from Santa Clara Monastery display very homogeneous glazes, with scarce crystalline inclusions, more abundant at the glazeeceramic interface, with the exception of small and well-distributed cassiterite agglomerates. Many mineral inclusions and gas bubbles were found located in or near the glazee ceramic interface. Tin oxide crystals are homogeneously dispersed throughout the glaze (Fig. 5a) , forming small agglomerates with dimensions ranging from less than 1 mm up to 10e20 mm. Size and distribution of these crystals are very important characteristics of the production technology (Molera et al., 1997a; Vendrell-Saz et al., 2006) . The SnO 2 contents in white and blue glazes, their small size and homogeneous distribution show more resemblance with Islamic tin-glazed pottery, instead of Hispano-Moresque pottery. Measurements of the glaze thickness revealed a wide range of values although the majority of the measured glazes are set within ca. 200 mme500 mm, showing considerable variations within the same sample and even within the same glaze area. The thickness of the glazeeceramic interface was measured between 30 mm and 100 mm. According to Molera et al. (2001a) , this is consistent with a single fire process. Green, amber and black coloured glazes show a larger number of crystals in this interface, which become more dispersed the further the distance from the ceramic body (Fig. 5a) , and also hold thicker interfaces. For white and blue colours, the interface sometimes shows an intermediate area, very homogeneous and without cassiterite crystals, delimited by the ceramic body and a line of Ca-rich crystals, as Fig. 5b illustrates. The chemical composition of the glazeeceramic interface was first characterized by SEM-EDS and then point analysis by m-Raman microscopy, trying to match the areas analysed by both techniques. This strategy allows a thorough visual chemical mapping as our first information starting point, followed by precise identification of the compounds formed during the digestion/diffusion process in the ceramiceglaze interface. Raman microscopy was also invaluable to identify some mineral phases in the ceramic bodies, providing important information on the tile technology, namely firing conditions, post-burial processes and understanding the reactions at the glazeeceramic interface. The most common occurrences in the ceramic bodies were wollastonite (CaSiO 3 ), quartz (a- , Fig. 6a ) is a widespread mineral phase in the ceramic body, an outcome of the thermal decomposition of calcite from the raw materials. Feldspars such as orthoclase/sanidine and oligoclase are originated at somewhat higher temperatures (close to 1000 C) (Pradell et al., 2010) . Analcime, a Na-bearing zeolite, is a common weathering compound of highly vitrified ceramic materials (ca. 1000 C) in a wet environment (Schwedt et al., 2006) . The tiles were submersed for many centuries so it is not surprising to find weathering compounds from the burial conditions. Interestingly, its presence in the ceramic bodies is an indicator of a high temperature ceramic (Pradell et al., 2010) .
When moving to the glazeeceramic interface, SEM-EDS analysis indicates a Ca-rich interface and characterized by wollastonite crystals, already identified on the ceramic bodies. Very rarely, some crystals of a-quartz are identified. Wollastonite is preferentially formed due to an excess of Si from the digestion/process glazee ceramic and, simultaneously a deficiency in Al. Also, its favoured formation seems to be related to the existence of large CaO and quartz grains, otherwise it would be an intermediate phase, leading to the formation of anorthite (CaAl 2 Si 2 O 8 ) (Traoré et al., 2000) . The K-rich areas are comprised by potassium feldspars (general formula KAlSi 3 O 8 ), although it was not possible to identify the precise geometry of the feldspar crystals. There is no indication of leadepotassium feldspars, typical of the interaction with a lead-rich glaze (Pradell et al., 2010) .
On the glazeeceramic interface of samples 21AM3076 and 33bi3839 (green glaze), tin was also identified by m-Raman in the form of malayaite (CaSnOSiO 4 ) (Fig. 6b) , a calcium-tin silicate belonging to the titanite group, with characteristic Raman bands at 571, 365, and 322 cm
À1
. Malayaite can be synthesized from equimolar parts of CaO, SiO 2 and SnO 2 through a thermal process, but it can also be formed from a reaction between SnO 2 and wollastonite (CaSiO 3 ) (Mulholland, 1984; Piña et al., 2005) . In addition, studies on the synthesis of malayaite pigments suggest that the existence of a transition metal ion (such as copper) should favour the formation of this calcium-tin silicate (Mulholland, 1984) .
In . Both SEM-EDS point analysis and m-PIXE show Mg contents near 1 wt.% in the amber glazes. This neosilicate could arise from the reaction between wollastonite and iron oxides in excess such as magnetite or hematite in an oxidizing atmosphere (Zhang and Saxena, 1991) . Alongside andradite, m-Raman also identified a magnesioferrite (MgFe 2 O 4 ) with a strong Raman band at ca. 619 cm À1 (Fig. 6d) , slightly shifted from recorded established values. Again the Mg contents could lead to the formation of magnesium and iron spinels, such as magnesioferrite. Finally on sample 33Bi3839, an inverse spinel NiFe 2 O 4 was identified (Hosterman, 2011) on the blue glaze with Raman characteristic bands at ca. 707, 495, 336 and 70 cm À1 (Fig. 6e) . Since it is a very rare specimen in nature, it is more likely to have been formed in the glazeeceramic interface (RRUFF:Trevorite). Blue glazes contain a significant Ni content (up to ca. 5wt%). 
Conclusions
For the first time Hispano-Moresque tiles located in the Portuguese territory (Coimbra, central Portugal) and found on an archaeological context were chemically and morphologically analysed. The importance of this study is closely linked to a wider project on the provenance of Hispano-Moresque tiles in Portugal, a subject clouded in controversy amongst art history experts.
The chemical characterisation of the Hispano-Moresque tiles from Santa Clara-a-Velha revealed a lead glaze technology that has similarities both with Islamic and Hispano-Moresque glazed ceramics. On one hand, glaze homogeneity, high tin contents (ca. 7e 14 wt.%) and very small and well dispersed tin oxide crystals suggests closeness to the Islamic technology. On the other hand, very thick interfaces, with several mineral inclusions most likely created during firing from the strong reaction between the glaze and an unfired ceramic body, suggesting a single-firing process, shows more similarity with Hispano-Moresque glazed ceramics. This study is the first analytical indicator of a production technology with important differences from the Hispano-Moresque workshops (such as Seville, Toledo, etc.) and points out to a possible local production.
Regarding the chemical composition of the glazeeceramic interface, mostly wollastonite (CaSiO 3 ) and also K-feldspars (of general formula KAl 3 SiO 8 ), implies not only a calcareous nature of the ceramic paste, but also firing temperatures between 950 C and 1000 C. On manganese-coloured glazes bustamite (CaMnSi 2 O 6 ), and braunite ((Mn 2þ , Mn 3þ ) 6 O 8 SiO 4 ) were identified. The coexistence of both minerals indicates temperatures higher than 950 C. Besides cassiterite (SnO 2 ), identified in all colours, other compounds were identified on the glazeeceramic interface, malayaite (CaSnOSiO 4 ), andradite (Ca 3 Fe 2 Si 3 O 12 ), magnesioferrite (MgFe 2 O 4 ) and a nickel ferrite (NiFe 2 O 4 ).
Although the collection studied presents more decorations techniques other than cuerda-seca and arista, those comprise the majority of the collection, and therefore their results were compared. In addition, these two techniques of decorations were also the prevailing ones during the time period of their attribution (15the16th c.). The chemical characterisation does not hint at different recipes or different firing processes for cuerda seca and arista tiles. Thus, it is likely that the production technology is very similar, if not the same, for both techniques. Our data implies a single-firing process, and this procedure would allow a faster and more economic production. However, archaeological evidence includes unglazed arista tiles among the collection that was found in the Monastery of Santa Clara-a-Velha. One plausible hypothesis could stem from a more recent production of tiles destined to the Monastery of Santa Clara-a-Nova built in the 17th century (the new house of the Clarissa nuns). In conclusion, we should mention that there are no studies on architectural tiles from this period, so it is possible that their production technology developed in a different way than for other glazed ceramic objects.
